Introduction {#s001}
============

D[ry powder inhalers]{.smallcaps} (DPIs) are increasingly used to deliver medication to the airways for the treatment of asthma and chronic obstructive pulmonary disease (COPD), as they are easy to use with no requirement for patients to coordinate actuation with inhalation.^([@B1])^ Treatment outcomes for any inhaled therapy depend on the compatibility of patient characteristics (e.g., dexterity, inhalation capability) with inhaler product characteristics (e.g., ease-of-use, dosing performance).^([@B2])^ Inhalation capability can be affected by factors such as the presence and severity of disease, while dosing performance depends on characteristics of a patient\'s inhalation profile, specifically flow rate, inhaled volume, and perhaps flow acceleration rate.^([@B2])^ Therefore, patients are required to achieve a minimum level of inspiratory effort through a DPI to generate sufficient flow to deliver the powder from the inhaler;^([@B5])^ the flow that can be achieved depends on the internal resistance of the inhaler.^([@B6],[@B7])^

The ELLIPTA^®^ DPI (GSK, Middlesex, UK; ELLIPTA^®^ is a trademark of the GSK group of companies) has been developed for the delivery of a portfolio of once-daily therapies for the treatment of asthma and COPD (Grant *et al.*, J Aerosol Med Pulm Drug Deliv, in press). In summary, it can contain either a single or two multi-dose foil laminate blister strips pre-filled with a blend of drug and excipient. The blister strips hold up to 30 doses, equivalent to one month\'s supply of once-daily treatment. The strips are not accessible to the patient and help to protect the contents from environmental moisture and contaminants.

The separate strips enable the inhaler to be used for the delivery of up to two separate formulations, allowing for the delivery of mono- or combination therapies, including combinations that need to be developed separately to improve performance and/or stability. Upon inhalation, air enters the inhaler through grills in the top cover. A portion of the inlet air is then guided, by cruciform airflow ports, through the blister pocket (or pockets) to aerosolize the dose, which is inhaled through the mouthpiece and into the patient\'s airways.

The ELLIPTA inhaler is used to deliver a range of medications for the treatment of asthma and/or COPD, including umeclidinium (UMEC) monotherapy and UMEC/vilanterol (VI) combination therapy for COPD, fluticasone furoate (FF) monotherapy for asthma, and FF/VI combination therapy for asthma and COPD. The inhaler has been reported to be easy and intuitive to use, was associated with high patient satisfaction, and was preferred to other inhalers.^([@B8])^

It was designed with a moderate resistance to patient inspiratory effort (typical specific resistance for the single-strip configuration: 0.0258 kPa^0.5^\[L/min\]^--1^; two-strip configuration: 0.0286 kPa^0.5^\[L/min\]^--1^) so that it can be comfortably used by patients with a wide range of disease severities; the resistance is similar to that of the DISKUS^®^ DPI (also known as ACCUHALER^®^; GSK, North Carolina, USA; DISKUS^®^ and ACCUHALER^®^ are trademarks of the GSK group of companies).^([@B11])^

This article reports findings from two studies in which the aim was to characterize the maximal effort inhalation profiles of healthy subjects and patients with asthma and COPD (with a range of disease severities) through a moderate-resistance DPI. To support development of the ELLIPTA inhaler, either an instrumented ELLIPTA inhaler or bespoke resistor component with equivalent resistivity was used in these studies. The data collected were then used to examine the correlation between inhaler-specific inhalation profiles and inhaler-independent lung function parameters.

In a separate publication (Hamilton *et al.*, J Aerosol Med Pulm Drug Deliv, in press), we also describe how these profiles were replicated *in vitro* using the electronic lung (eLung™; GSK, Ware, UK; eLung™ is a trademark of the GSK group of companies) breathing simulator, to assess the dose delivery characteristics of the inhaler under patient-relevant conditions. This approach provides a more realistic estimation of *in vivo* product performance than standard *in vitro* testing.^([@B12],[@B13])^

Materials and Methods {#s002}
=====================

Study 1 (GSK study number RES113817, clinicaltrials.gov identifier NCT01345266) was conducted between February 1, 2010 and June 20, 2010, and Study 2 (RES117178, NCT02076269) was conducted between September 10, 2013 and February 19, 2014. In each study, assessments were performed at the same site in Antwerp, Belgium. There was one study clinic visit (Visit 1) that was preceded by a screening visit (within the previous 28 days); in Study 1, Screening and Visit 1 could be performed on the same day, in which case, assessments were not duplicated. Follow-up was within 2--5 days, and the maximum study duration was 33 days.

Both studies were conducted in accordance with International Conference on Harmonisation Good Clinical Practice guidance^([@B14])^ and the Declaration of Helsinki.^([@B15])^ Local ethics committee approvals were obtained and all participants gave informed consent prior to study participation.

Study population {#s003}
----------------

In Study 1, healthy subjects and patients with asthma or COPD that had been clinically diagnosed for ≥6 months, aged between 21 and 75 years, with a body weight ≤120 kg and body-mass index (BMI) of 18--35 kg/m^2^ (inclusive) were eligible. Asthma patients were stratified according to disease severity, defined by the 2008 British Thoracic Society (BTS) guidance,^([@B16])^ as 'mild' (BTS steps 1 or 2), 'moderate' (BTS step 3), or 'severe' (BTS steps 4 or 5). COPD patients were stratified by disease severity according to the 2007 Global Initiative for Chronic Obstructive Lung Disease (GOLD) guidelines,^([@B17])^ as 'mild' (GOLD stage I), 'moderate' (GOLD stage II), 'severe' (GOLD stage III), or 'very-severe' (GOLD stage IV). Healthy subjects and asthma patients must have been non-smokers (never smoked or not smoked ≥12 months, with \<1 pack-year smoking history), while COPD patients were either ex-smokers or smokers with a history of \>10 pack-years.

In Study 2, eligible patients were aged ≥40 years with 'very-severe' COPD (GOLD stage IV, according to the 2013 update to the GOLD guidelines (which is now incorporated into the 2014 version),^([@B18])^ diagnosed with COPD ≥6 months previously. Patients must have been ex-smokers or smokers with a history of \>10 pack-years. Body weight and BMI were not restricted as this was not appropriate for the recruitment of very-severe COPD patients.

The inclusion criteria for the 'very-severe' COPD subgroup differed slightly between the two studies. The post-bronchodilator criteria in Study 1 was forced expiratory volume in one second (FEV~1~) \<30% or FEV~1~ \<50% predicted plus chronic respiratory failure, whereas in Study 2 the post-bronchodilator FEV~1~ was required to be \<30% predicted. FEV~1~/forced vital capacity (FVC) was required to be \<70% in both studies.

Exclusion criteria for both studies are summarized in [Supplementary e-Appendix 1](#SD1){ref-type="supplementary-material"} (supplementary material is available online at [www.liebertpub.com/jamp](www.liebertpub.com/jamp)).

Study objectives and assessments {#s004}
--------------------------------

The primary objective of both studies was to characterize the maximal effort pressure drop versus time profiles (inhaler-specific inhalation profiles) of participants. In Study 1, inhalation profiles were measured via an instrumented ELLIPTA inhaler placed in a specially constructed instrumented blinding box that contained either a single-strip or a two-strip ELLIPTA inhaler with an empty blister. In Study 2, inhalation profiles were measured using disposable bespoke resistor components that mimicked the resistance of either a single-strip or two-strip ELLIPTA inhaler.

The following methodology was used in both studies. All participants performed up to three inhalations for each resistance level/configuration with sufficient time allowed between inhalations to ensure they were able to inhale at maximal effort. Participants were randomized to a sequence of resistance settings for their inhalation profile recordings using the RANDALL (GSK, Ware, UK) computerized randomization system. No investigational product or placebo was delivered.

The resulting inhaler-specific inhalation profiles were recorded using an Inhalation Profile Recorder (GSK, Ware, UK) and the profile with the highest pressure drop from each participant was taken as the best achieved by each subject and used in subsequent analyses. The endpoints for the characterization of the inhaler-specific inhalation profiles were peak pressure drop (kPa), peak inspiratory flow rate (PIFR; L/min), inhaled volume (L), inhalation time (s), average inhalation flow rate (L/min), and, in Study 2 only, acceleration rate (L/min/s) (data not reported).

In support of the primary objective, oropharyngeal geometry was recorded at Screening or during the study visit using a pharyngometer; pharyngometry endpoints were distance (cm), volume (cm^3^), and average cross-sectional area (cm^2^). However, these pharyngometry data are not reported in this article due to issues identified with the GSK bespoke pharyngometry mouthpieces, which may have impacted the quality and accuracy of the data obtained. Further studies are required with the use of pharyngometry to fully understand how it can be applied to characterizing mouth and throat geometry in a way that has direct relevance to inhaler product development.

Inhaler-independent lung function was measured using spirometry, whole-body plethysmography, and diffusion. Spirometry assessments were performed at Screening and during the study visit to measure FEV~1~, FVC, maximum expiratory flow rate at 25% and 50% FVC (V~max25~ and V~max50~, respectively), peak expiratory flow rate (PEFR), and PIFR. Whole-body plethysmography was performed during the study visit for the measurement of total lung capacity (TLC), residual volume (RV), functional residual capacity (FRC), specific airways resistance (sR~aw~), and airways resistance (R~aw~); participants rested in the whole-body plethysmograph for at least 30 seconds prior to these assessments.

Diffusion was measured using the single breath method during the study visit and was used to assess alveolar volume (VA), diffusing capacity of the lung for carbon monoxide (DLCO), and Krogh factor (DLCO/VA). Post-study, it was investigated whether there were any strong correlations (R \> 0.7) between the inhaler-specific inhalation profiles and inhaler-independent lung function characteristics examined.

Data from high-resolution computed tomography (HRCT) scans were collected at two levels of lung inflation (FRC and TLC) for the investigation of exploratory endpoints, including fluid dynamics-based functional respiratory imaging measures of airway morphometry and function, which were used as inputs in the development of an *in silico* model for the prediction of regional lung deposition of the products delivered via the ELLIPTA DPI. HRCT scans were recorded during the study visit, using a 64-slice General Electric Lightspeed volume computed tomography (VCT) scanner (GE Healthcare, Little Chalfont, UK). The HRCT results will be published separately.

Safety assessments included physical examinations and a 12-lead electrocardiogram assessment of all participants at Screening, measurement of vital signs at Screening and during Visit 1, and clinical laboratory assessments for females only, to confirm either post-menopausal status at Screening, or a negative pregnancy test at Screening and during the study assessment visit (due to performance of HRCT scans). Adverse events (AEs) and serious AEs (SAEs) were also assessed at Screening, Visit 1, and follow-up.

Post-study, selected representative patient inhalation profiles were replicated *in vitro* using the eLung system and an anatomical throat model of average size to assess the dose-delivery characteristics of FF, FF/VI, UMEC, and UMEC/VI delivered via the ELLIPTA DPI. These results are presented in a separate publication (Hamilton *et al.*, J Aerosol Med Pulm Drug Deliv, in press).

Statistical analysis {#s005}
--------------------

The primary analysis consisted of summarizing pharyngometry and the inhaler-specific inhalation parameters for healthy subjects and patients with asthma or COPD (stratified by severity) using descriptive summary statistics only. For very-severe COPD patients, data from patients in Study 1 and Study 2 were pooled and analyzed as described above. For this pooled analysis, very-severe COPD was defined according to the inclusion criteria for Study 2; therefore, data from two patients in the very-severe COPD subgroup in Study 1 were excluded because they did not conform to this definition. However, data from the remaining three very-severe patients from Study 1 were included.

The maximum of the triplicate readings for peak pressure drop were used to calculate summary statistics for all inhalation endpoints by resistance setting. No formal hypothesis testing was conducted. Sample sizes of 105 subjects (15 healthy subjects, 45 patients with asthma, and 45 patients with COPD) for Study 1 and 15 COPD patients for Study 2 were based on feasibility.

It was felt that inhaler-specific PIFR and inhaled volume were key clinical characteristics of the inhalation profiles, and that statistical analysis would assist with interpretation of the results. *Post hoc* statistical analyses of these parameters were conducted using an Analysis of Variance model, including disease state as a factor. Least-squares means and their 95% confidence intervals (CIs) for each subgroup were estimated. If the analysis identified a disease severity subgroup effect, then pre-specified comparisons of interest between the disease severity subgroups and their associated 95% CIs and *p*-values were derived using estimates from the same model, including Bonferroni Step Down adjustments for multiple comparisons.

Post-completion of the clinical study report for Study 1, analyses of linear correlations were calculated using data from all patients, using Pearson correlation coefficients to compare inhaler-specific inhalation characteristics (including peak pressure drop, PIFR, and inhaled volume) with inhaler-independent variables (including BMI, height, weight, FEV~1~, FVC, PEFR, PIFR, TLC, RV, FRC, R~aw~, VA, DLCO, and Krogh factor).

For the clinical study report of Study 2, pre-planned correlation analyses as outlined above were conducted using the combined data from both studies. Additional *post hoc* exploratory analyses were then considered to be needed on scientific grounds for asthma patients only and for COPD patients only as, from a clinical perspective, it was felt that there is no clinical relevance in healthy subjects\' results and, in addition, not all products are targeted for both asthma and COPD, as the extent of disease severity may have a different impact on asthma than on COPD. These analyses were used to calculate correlation R-values and *p*-values.

Results {#s006}
=======

105 participants were included in Study 1 (*n* = 15 healthy subjects, *n* = 45 asthma patients, *n* = 45 COPD patients) and 15 in Study 2. The characteristics of all 120 participants are summarized in [Table 1](#T1){ref-type="table"}. We report the pooled results for the very-severe COPD patients (*n* = 18; three patients from Study 1 who met the Study 2 criteria of post-bronchodilator FEV~1~ \<30% predicted; 15 patients from Study 2), unless otherwise stated. The largest differences observed between cohorts (healthy, asthma, and COPD) and disease severity subgroups included in the pooled analysis are highlighted in the following sections.

###### 

[Screening Characteristics (All Participants)]{.smallcaps}

                  *Study 1*             *Study 2*             *Studies 1 & 2*                                                                                                                                       
  --------------- --------------------- --------------------- --------------------- --------------------- --------------------- --------------------- -------------------- -------------------- ------------------- --------------------
  Age, years      35.3 (21--56)         40.9 (21--65)         46.2 (21--69)         45.9 (21--72)         61.6 (42--71)         64.4 (54--74)         62.8 (53--71)        63.8 (59--70)        64.2 (44--78)       63.9 (44--78)
  Male, *n* (%)   4 (27)                6 (40)                8 (53)                4 (27)                11 (73)               13 (87)               7 (70)               2 (40)               8 (53)              9 (30)
  BMI, kg/m^2^    25.72 (21.0--34.8)    25.83 (19.3--34.9)    28.40 (21.3--35.0)    27.35 (20.2--33.4)    26.47 (20.3--32.3)    27.35 (18.2--34.9)    25.16 (18.4--29.7)   25.38 (18.1--34.9)   22.2 (14.6--33.1)   22.75 (14.6--34.9)
  Height, cm      171.6 (155--188)      169.3 (152--184)      171.6 (151--185)      164.4 (149--176)      175.7 (166--189)      172.7 (158--188)      168.4 (155--178)     165.8 (150--176)     164.1 (148--178)    163.9 (148--178)
  Weight, kg      75.72 (60.4--101.8)   74.75 (49.4--118.2)   84.27 (50.5--115.2)   74.19 (54.5--103.4)   82.28 (56.5--115.4)   82.55 (45.3--113.0)   71.88 (54.4--94.2)   69.00 (53.5--89.8)   59.3 (46.2--78.2)   60.32 (46.2--78.5)

Data are mean (range) unless otherwise stated.

BMI, body mass index; COPD, chronic obstructive pulmonary disease.

Includes all patients from Study 2, and three patients from Study 1 who also met the Study 2 eligibility criteria.

Inhaler-specific inhalation parameters {#s007}
--------------------------------------

In the pooled analysis, mean maximal effort PIFR varied from 71.1--110.6 L/min (range: 41.6--142.9 L/min). The mean \[range\] PIFR for the very-severe COPD subgroup in the pooled analysis was 71.1 L/min \[41.6--104.8\] L/min) for the resistance of the single-strip configuration and 65.8 L/min (range: 43.5--94.1 L/min) for the resistance of the two-strip configuration. The lowest PIFR measurements were recorded in very-severe COPD patients, and the highest mean PIFRs were achieved by patients with moderate asthma for both of the resistances ([Table 2](#T2){ref-type="table"}).

###### 

[PIFR (L/min) for Single- and Two-Strip Configurations of the ELLIPTA DPI (All Participants)]{.smallcaps}

  *Study*                        *Disease state*                                    *Mean (95% CI)*        *Range*
  ------------------------------ -------------------------------------------------- ---------------------- -------------
  *Single-strip configuration*                                                                             
  1                              Healthy subjects                                   105.1 (95.9, 114.4)    79.3--142.9
                                 Mild asthma                                        106.3 (97.7, 114.9)    79.6--135.8
                                 Moderate asthma                                    110.6 (102.0, 119.3)   72.3--136.9
                                 Severe asthma                                      103.2 (94.2, 112.2)    71.2--133.1
                                 Mild COPD                                          101.9 (92.5, 111.4)    75.2--128.9
                                 Moderate COPD                                      97.2 (88.5, 105.8)     63.2--117.4
                                 Severe COPD                                        88.0 (76.9, 99.0)      72.3--121.6
                                 Very-severe COPD                                   67.5 (47.2, 87.8)      41.6--83.3
  2                              Very-severe COPD                                   72.6 (62.7, 82.6)      43.4--104.8
  1 & 2                          Very-severe COPD^[a](#tf5){ref-type="table-fn"}^   71.1 (62.1, 80.1)      41.6--104.8
  *Two-strip configuration*                                                                                
  1                              Healthy subjects                                   98.3 (89.7, 107.0)     74.4--131.7
                                 Mild asthma                                        97.9 (89.3, 106.4)     73.7--122.2
                                 Moderate asthma                                    103.2 (95.2, 111.1)    67.4--129.9
                                 Severe asthma                                      96.6 (88.5, 104.7)     72.4--124.6
                                 Mild COPD                                          95.7 (87.0, 104.4)     74.2--123.6
                                 Moderate COPD                                      91.1 (83.8, 98.4)      60.0--104.8
                                 Severe COPD                                        83.0 (71.3, 94.8)      63.0--116.9
                                 Very-severe COPD                                   66.5 (48.6, 84.4)      43.5--81.0
  2                              Very-severe COPD                                   66.3 (59.3, 73.3)      45.0--94.1
  1 & 2                          Very-severe COPD^[a](#tf5){ref-type="table-fn"}^   65.8 (59.3, 72.4)      43.5--94.1

CI, confidence interval; COPD, chronic obstructive pulmonary disease; DPI, dry powder inhaler; PIFR, peak inspiratory flow rate.

Includes all patients from Study 2, and three patients from Study 1 who also met the Study 2 eligibility criteria.

The mean maximal effort PIFRs achieved were slightly higher for the one-strip configuration, but as the 95% CIs overlapped and the differences were small, this was not considered to be clinically relevant. As results for all other inhalation endpoints were also similar between both configurations of the inhaler, we report only the results relevant to the two-strip configuration in full within this publication. The results and conclusions drawn are applicable to either configuration.

Peak pressure drop, PIFR, and inhaled volume ([Fig. 1](#f1){ref-type="fig"}) {#s008}
----------------------------------------------------------------------------

A numerically lower mean peak pressure drop was recorded for patients with moderate, severe, and very-severe COPD, when compared with other participants; these values decreased further with increasing COPD severity. The largest difference in mean peak pressure drop between adjacent subgroups was 2.3 kPa (39%), and was observed in the COPD group between severe and very-severe patients.

![**(a)** Mean (95% CI) peak pressure drop, **(b)** mean (95% CI) PIFR, and **(c)** mean (95% CI) inhaled volume (all patients). CI, confidence interval; COPD, chronic obstructive pulmonary disease; PIFR, peak inspiratory flow rate. ^a^Patients from Study 1 only; ^b^Patients from Study 2 only; ^c^Pooled data from Studies 1 and 2.](fig-1){#f1}

*Post hoc* analysis comparing PIFR values for healthy subjects and asthma patients found no statistically significant difference (--0.9 L/min \[95% CI: −13.95, 12.20\], *p* \> 0.999). However, patients from both of these groups had a statistically significantly greater PIFR versus COPD patients (healthy subjects: +14.4 L/min \[1.67, 27.20\], *p* = 0.010; asthma patients: +15.3 L/min \[6.50, 24.11\], *p* \< 0.001). In asthma patients, there was no statistically significant trend in PIFR as disease severity increased. In COPD patients, there was a linear trend for PIFR to decrease as disease severity increased (*p* \< 0.001); between subgroups, PIFR values for mild, moderate, and severe COPD patients were statistically significantly greater when compared with very-severe patients (+29.9 L/min \[14.55, 45.21\], *p* \< 0.001; +25.2 L/min \[9.92, 40.58\], *p* \< 0.001; +17.2 L/min \[--0.09, 34.51\], *p* = 0.034, respectively).

For inhaled volume measurements, no statistically significant differences between healthy subjects and either asthma or COPD patients were identified (--0.1 L \[--0.68, 0.44\], *p* \> 0.999; 0.4 \[--0.14, 0.96\], *p* = 0.231, respectively); however, there was a statistically significant difference between asthma and COPD patients (+0.5 L \[0.15, 0.91\], *p* \< 0.001). There was a linear trend towards decreasing inhaled volume as COPD severity increased from mild to very-severe (*p* \< 0.001), and inhaled volumes were statistically significantly greater in patients with mild versus severe (+1.0 L \[0.24, 1.79\], *p* = 0.002) or very-severe (+1.4 L \[0.74, 2.06\], *p* \< 0.001) COPD and with moderate versus very-severe COPD (1.1 L \[0.44, 1.76\], *p* \< 0.001).

Inhalation time(s) and average inhalation flow rate {#s009}
---------------------------------------------------

Results did not differ markedly between healthy subjects and patients with asthma, regardless of disease severity. Mean inhalation time (time to maximal capacity) was slightly longer in patients with mild COPD (3.0 s; range: 2.21--4.26 s), while shorter mean inhalation times were demonstrated by severe (2.1 s; range: 1.45--3.05 s) and very-severe COPD patients (2.1 s; range: 1.40--3.62 s) compared with all other participants (mean: 2.3--2.7 s). Mean average inhalation flow rate was also lower in COPD patients (39.7--54.9 L/min; range: 28.7--90.1 L/min) than in healthy subjects (63.8 L/min; range: 48.0--78.0 L/min) or patients with asthma (59.8--64.7 L/min; range: 40.4--86.8 L/min), and decreased further with increasing COPD disease severity.

Inhaler-independent spirometry parameters ([Table 3](#T3){ref-type="table"}) {#s010}
----------------------------------------------------------------------------

Mean FEV~1~, PEFR, V~max25~, and V~max50~ differed between healthy subjects, asthma patients, and COPD patients, corresponding to the presence and severity of disease. In COPD patients, mean FEV~1~ and FVC was lower by 2.35 L (81%) and 2.50 L (56%), respectively, between mild and very-severe COPD patients. PIFR was not notably different between healthy subjects and asthma patients, regardless of disease severity, and also patients with mild or moderate COPD. However, mean PIFR was lower in the severe and very-severe COPD patients, and tended to decrease with increasing disease severity; mean PIFR was 215.1 L/min (52%) lower in the very-severe COPD group when compared with the mild COPD group.

###### 

[Spirometry Parameters (All Participants)]{.smallcaps}

                     *Study 1*              *Study 2*              *Studies 1 & 2*                                                                                                                                                 
  ------------------ ---------------------- ---------------------- ---------------------- ---------------------- ---------------------- ---------------------- ---------------------- --------------------- ---------------------- ----------------------
  FEV~1~ (L)         3.70 (3.29, 4.10)      3.09 (2.56, 3.61)      3.32 (2.96, 3.68)      2.55 (2.11, 2.99)      2.91 (2.63, 3.19)      1.83 (1.57, 2.10)      0.94 (0.74, 1.14)      0.69 (0.36, 1.03)     0.57 (0.49, 0.65)      0.56 (0.48, 0.64)
  FVC (L)            4.44 (3.94, 4.95)      4.29 (3.75, 4.84)      4.40 (3.84, 4.97)      3.67 (3.24, 4.10)      4.50 (4.08, 4.91)      3.80 (3.40, 4.20)      3.10 (2.06, 4.14)      2.21 (1.31, 3.12)     2.05 (1.71, 2.39)      2.00 (1.70, 2.30)
  PEFR (L/min)       581.2 (526.6, 635.8)   438.5 (366.5, 510.4)   527.2 (483.6, 570.9)   408.3 (359.5, 457.2)   478.3 (441.4, 515.2)   343.5 (285.4, 401.6)   220.4 (158.8, 281.9)   127.8 (59.7, 196.0)   105.1 (87.1, 123.2)    107.2 (87.7, 126.7)
  PIFR (L/min)       387.5 (337.2, 437.8)   371.5 (316.8, 426.3)   398.3 (344.2, 452.5)   345.1 (306.8, 383.4)   414.9 (361.6, 468.1)   353.2 (303.9, 402.5)   305.5 (234.9, 376.2)   202.6 (96.2, 309.0)   203.3 (163.1, 243.4)   199.8 (162.2, 237.5)
  V~max25~ (L/min)   103.4 (83.8, 123.1)    67.1 (40.9, 93.3)      68.1 (50.5, 85.8)      47.3 (28.0, 66.6)      31.3 (23.8, 38.7)      13.9 (10.4, 17.4)      8.0 (6.9, 9.0)         6.8 (5.8, 7.8)        6.25 (5.40, 7.11)      6.3 (5.6, 7.1)
  V~max50~ (L/min)   256.0 (218.6, 293.4)   167.3 (121.6, 213.0)   204.2 (175.9, 232.5)   136.0 (91.9, 180.1)    125.6 (103.7, 147.5)   50.0 (35.7, 64.3)      18.2 (14.4, 21.9)      13.1 (8.0, 18.3)      11.5 (10.0, 13.0)      11.4 (10.0, 12.8)

Data are mean (95% CI) unless otherwise stated.

CI, confidence interval; COPD, chronic obstructive pulmonary disease; FEV~1~, forced expiratory volume in 1 second; FVC, forced vital capacity; PEFR, peak expiratory flow rate; PIFR, peak inspiratory flow rate; V~max25~, maximum expiratory flow rate at 25% forced vital capacity; V~max50~, maximum expiratory flow rate at 50% forced vital capacity.

Includes all patients from Study 2, and three patients from Study 1 who also met the Study 2 eligibility criteria.

Inhaler-independent plethysmography and diffusion parameters ([Table 4](#T4){ref-type="table"}) {#s011}
-----------------------------------------------------------------------------------------------

Patients with asthma generally demonstrated slightly increased values for all plethysmography parameters when compared with healthy subjects, although little variation was seen between the different severities of asthma. COPD patients generally demonstrated increased mean TLC, RV, FRC, airways resistance, and specific airways resistance compared with healthy subjects and asthma patients, all of which tended to increase with COPD severity. For the alveolar volume measurements, only very-severe COPD patients demonstrated a markedly different mean value (4.0 L; range: 3.0--4.6) compared with healthy subjects (5.4 L; range: 3.8--7.3).

###### 

[Plethysmography and Diffusion Parameters (All Participants)]{.smallcaps}

                                         *Study 1*        *Study 2*         *Studies 1 & 2*                                                                                                          
  -------------------------------------- ---------------- ----------------- ----------------- ---------------- ---------------- ---------------- ---------------- ----------------- ---------------- -----------------
  *Plethysmography*                                                                                                                                                                                  
   TLC (L)                               6.2 (5.6, 6.9)   6.8 (6.0, 7.6)    6.6 (5.8, 7.4)    6.3 (5.8, 6.8)   7.7 (7.1, 8.3)   7.6 (6.9, 8.3)   7.7 (6.6, 8.8)   7.4 (6.1, 8.8)    8.0 (7.1, 8.9)   8.0 (7.2, 8.7)
   RV (L)                                1.7 (1.5, 2.0)   2.5 (2.0, 2.9)    2.1 (1.7, 2.5)    2.6 (2.1, 3.1)   3.1 (2.8, 3.4)   3.7 (3.2, 4.2)   4.3 (3.5, 5.1)   5.1 (3.6, 6.7)    5.7 (5.0, 6.4)   5.7 (5.1, 6.3)
   FRC (L)                               2.9 (2.5, 3.3)   3.6 (3.1, 4.1)    2.9 (2.5, 3.3)    3.5 (3.0, 4.0)   4.1 (3.7, 4.4)   4.8 (4.3, 5.3)   5.4 (4.6, 6.3)   5.8 (4.4, 7.1)    6.4 (5.6, 7.2)   6.4 (5.7, 7.0)
   Airway resistance (kPa.s/L)           0.3 (0.2, 0.3)   0.5 (0.3, 0.7)    0.3 (0.3, 0.4)    0.5 (0.4, 0.7)   0.3 (0.3, 0.4)   0.4 (0.4, 0.5)   0.9 (0.6, 1.2)   1.3 (0.7, 1.9)    1.2 (1.0, 1.5)   1.3 (1.1, 1.5)
   Specific airways resistance (kPa.s)   0.9 (0.8, 1.0)   2.0 (1.2, 2.9)    1.1 (0.8, 1.3)    2.1 (1.2, 3.1)   1.5 (1.2, 1.9)   2.3 (1.8, 2.8)   5.4 (3.2, 7.5)   8.1 (3.0, 13.2)   8.5 (7.0, 9.9)   8.8 (7.4, 10.2)
  *Diffusion*                                                                                                                                                                                        
   Alveolar volume (L)                   5.4 (4.8, 6.0)   5.7 (5.0, 6.3)    5.7 (5.0, 6.4)    5.1 (4.8, 5.5)   6.3 (5.8, 6.9)   5.7 (5.0, 6.4)   4.9 (3.9, 5.9)   4.0 (3.4, 4.7)    4.0 (3.7, 4.3)   4.0 (3.7, 4.2)
   DLCO (mmol/min.kPa)                   8.9 (7.9, 9.9)   8.9 (7.4, 10.4)   8.4 (7.4, 9.4)    8.1 (7.4, 8.8)   7.5 (6.1, 8.8)   5.7 (4.3, 7.1)   4.0 (3.2, 4.8)   2.4 (1.3, 3.4)    1.9 (1.3, 2.5)   1.9 (1.4, 2.4)
   Krogh factor (mmol/min.kPa.L)         1.7 (1.6, 1.8)   1.6 (1.4, 1.7)    1.5 (1.4, 1.6)    1.6 (1.5, 1.6)   1.2 (1.0, 1.3)   1.0 (0.8, 1.1)   0.8 (0.7, 1.0)   0.6 (0.4, 0.8)    0.5 (0.3, 0.6)   0.5 (0.4, 0.6)

Data are mean (95% CI) unless otherwise stated.

CI, confidence interval; COPD, chronic obstructive pulmonary disease; DLCO, diffusing capacity of the lung for carbon monoxide; FRC, functional residual capacity; RV, residual volume; TLC, total lung capacity.

Includes all patients from Study 2, and three patients from Study 1 who also met the Study 2 eligibility criteria.

Decreases in DLCO were observed with both increasing asthma and COPD disease severity, compared with healthy subjects and mild asthma patients; DLCO measurements were lowest in the COPD cohort. A decrease in mean DLCO of 5.6 mmol/min.kPa (75%) was observed between mild and very-severe COPD patients. Similar trends were observed for Krogh factor across the asthma and COPD cohorts, compared with healthy subjects.

Post-study analyses of linear correlations ([Table 5](#T5){ref-type="table"}) {#s012}
-----------------------------------------------------------------------------

Across all participants, there were strong correlations (R \> 0.7) that were statistically significant (*p* \< 0.05) between the following inhaler-specific inhalation characteristics versus inhaler-independent inhalation characteristics: PIFR (inhaler-specific) versus PEFR, PIFR, and DLCO; inhaled volume versus FEV~1~, FVC, alveolar volume, and DLCO. In the asthma cohort none of the correlations were strong (R \> 0.7); however, statistically significant moderate correlations (R ≥ 0.49) were observed for PIFR (inhaler-specific) versus FEV~1~, PEFR, PIFR, and DLCO, and for inhaled volume (inhaler-specific) versus FEV~1~, FVC, alveolar volume, and DLCO. For COPD patients, there were statistically significant strong correlations between PIFR (inhaler-specific) versus FEV~1~, PEFR, PIFR, and DLCO, and for inhaled volume (inhaler-specific) versus FEV~1~, FVC, alveolar volume, and DLCO ([Table 5](#T5){ref-type="table"}; [Fig. 2](#f2){ref-type="fig"}; [Supplementary Fig. S1](#SD2){ref-type="supplementary-material"}).

![Correlation figures for COPD patients only for **(a)** PIFR (via the ELLIPTA DPI) versus FEV~1~ (spirometry), **(b)** PIFR (via the ELLIPTA DPI) versus PEFR (spirometry), and **(c)** PIFR (via the ELLIPTA DPI) versus PIFR (spirometry). COPD, chronic obstructive pulmonary disease; DLCO, diffusing capacity of the lung for carbon monoxide; DPI, dry powder inhaler; FEV~1~, forced expiratory volume in 1 second; FVC, forced vital capacity; PEFR, peak expiratory flow rate; PIFR, peak inspiratory flow rate.](fig-2){#f2}

###### 

[Correlations Between Inhaler-Specific and Inhaler-Independent Inhalation Characteristics (All Participants)]{.smallcaps}

  *Data genre*                                       *Variable*          *Peak pressure drop*     *PIFR (Inhaler)*           *Inhaled volume*
  -------------------------------------------------- ------------------- ------------------------ -------------------------- --------------------------
  *All participants*                                                                                                         
  Spirometry                                         FEV~1~              --                       0.69 (*p* \< 0.0001)       **0.73 (*p* \< 0.0001)**
                                                     FVC                 --                       --                         **0.80 (*p* \< 0.0001)**
                                                     PEFR                --                       **0.76 (*p* \< 0.0001)**   --
                                                     PIFR (spirometry)   --                       **0.80 (*p* \< 0.0001)**   --
  Whole-body plethysmography                         FRC                 --                       --                         --0.29 (*p* = 0.0013)
                                                     Residual volume     --                       --                         --0.39 (*p* \< 0.0001)
                                                     TLC                 --                       0.02 (*p* = 0.8453)        0.23 (*p* = 0.0104)
                                                     R~AW~               --0.55 (*p* \< 0.0001)   --                         --
  Diffusion                                          VA                  --                       --                         **0.76 (*p* \< 0.0001)**
                                                     DLCO                --                       **0.71 (*p* \< 0.0001)**   **0.74 (*p* \< 0.0001)**
                                                     Krogh factor        --                       0.59 (*p* \< 0.0001)       0.48 (*p* \< 0.0001)
  *Asthma patients*                                                                                                          
  Spirometry                                         FEV~1~              --                       0.52 (*p* = 0.0003)        0.60 (*p* \< 0.0001)
                                                     FVC                 --                                                  0.62 (*p* \< 0.0001)
                                                     PEFR                --                       0.66 (*p* \< 0.0001)        
                                                     PIFR (spirometry)   --                       0.69 (*p* \< 0.0001)        
  Whole-body plethysmography                         FRC                 --                                                  0.15 (*p* = 0.3344)
                                                     Residual volume     --                                                  --0.08 (*p* = 0.5947)
                                                     TLC                 --                       0.25 (*p* = 0.1021)        0.44 (*p* = 0.0026)
                                                     R~AW~               --0.21 (*p* = 0.1589)                                
  Diffusion                                          VA                  --                                                  0.56 (*p* \< 0.0001)
                                                     DLCO                --                       0.49 (*p* = 0.0007)        0.64 (*p* \< 0.0001)
                                                     Krogh factor        --                       0.30 (*p* = 0.0436)        0.23 (*p* = 0.1326)
  *COPD patients*^[a](#tf13){ref-type="table-fn"}^                                                                           
  Spirometry                                         FEV~1~              --                       **0.73 (*p* \< 0.0001)**   **0.84 (*p* \< 0.0001)**
                                                     FVC                 --                       --                         **0.85 (*p* \< 0.0001)**
                                                     PEFR                --                       **0.80 (*p* \< 0.0001)**   --
                                                     PIFR (spirometry)   --                       **0.85 (*p* \< 0.0001)**   --
  Whole-body plethysmography                         FRC                 --                       --                         --0.29 (*p* = 0.0289)
                                                     Residual volume     --                       --                         --0.40 (*p* = 0.0018)
                                                     TLC                 --                       0.27 (*p* = 0.0398)        0.39 (*p* = 0.0022)
                                                     R~AW~               --0.65 (*p* \< 0.0001)   --                         --
  Diffusion                                          VA                  --                       --                         **0.88 (*p* \< 0.0001)**
                                                     DLCO                --                       **0.79 (*p* \< 0.0001)**   **0.84 (*p* \< 0.0001)**
                                                     Krogh factor        --                       0.67 (*p* \< 0.0001)       0.65 (*p* \< 0.0001)

COPD, chronic obstructive pulmonary disease; DLCO, diffusing capacity of the lung for carbon monoxide; FEV~1~, forced expiratory volume in 1 second; FRC, functional residual capacity; FVC, forced vital capacity; PEFR, peak expiratory flow rate; PIFR, peak inspiratory flow rate; R~AW~, airways resistance; TLC, total lung capacity; VA, alveolar volume.

Includes all COPD patients from Study 1 and Study 2. Values in bold showed strong correlation (R \> 0.7) and are statistically significant (*p* \< 0.05).

Safety {#s013}
------

The incidence of AEs was low and no individual AE was reported by more than one participant. Two serious AEs were reported by one patient in the very-severe COPD subgroup (chronic respiratory failure and pathogen resistance); the investigator considered there to be no reasonable possibility that these were related to study participation.

Discussion {#s014}
==========

These studies characterized the maximal effort inhalation profiles of healthy subjects, patients with asthma, and patients with COPD through a DPI of moderate resistivity, the ELLIPTA inhaler. It was found that, generally, inhaler-specific inhalation endpoints were broadly similar across healthy subjects, asthma patients (regardless of disease severity), and patients with mild COPD. However, compared with other participants, patients with moderate to very-severe COPD demonstrated decreased inhalation capability across various parameters, which tended to decrease further with increasing disease severity.

There are several possible explanations for this finding. First, respiratory muscle function is often compromised in COPD patients due to hyperinflation, hypoxemia, and muscle wasting, which may lead to decreased PIFR.^([@B19])^ Second, respiratory muscle strength, expiratory flow rates, and maximal inspiratory flow rates are known to decrease with age,^([@B20])^ and the mean age of COPD patients (63.3 years; range: 42--78) was greater than that of healthy subjects (35.3 years; range: 21--56) and of asthma patients (44.3 years; range: 21--72).

In another study that compared inspiratory flow rates across different DPIs between elderly COPD patients and age-matched healthy controls, the PIFR achieved through DPIs significantly reduced with increasing age, but no difference in the ability to achieve acceptable flows using the DPIs tested was observed between the two groups.^([@B21])^ This suggests that age may account for some of the inhalation profile differences observed between the COPD patients and other participants.

Despite the observed differences in the inhaler-specific inhalation profiles between the cohorts and disease severity subgroups in these studies, all participants were able to generate a PIFR of ≥41.6 L/min through the single-strip ELLIPTA DPI (or equivalent), or ≥43.5 L/min via the two-strip (or equivalent) configuration; the lowest PIFRs were achieved in the very-severe COPD subgroups. PIFR is an important inhalation profile parameter because of its direct influence on the dose delivery from most DPIs.^([@B19])^ However, previous *in vitro* assessments, under standard impactor conditions, have shown that the dose delivery characteristics of products delivered via the ELLIPTA inhaler were consistent for flow rates ranging from 30 to 90 L/min (Grant *et al.*, submitted in parallel); this range encompasses the patients in these studies who generated the lowest inspiratory efforts of at least 41.6 L/min.

Furthermore, data from Phase III clinical trials, in which treatment efficacy of FF/VI,^([@B22],[@B23])^ and UMEC and UMEC/VI^([@B24])^ has been demonstrated even in severe to very-severe COPD patients, suggest that the inhalation efforts achieved by these patients are sufficient to use the ELLIPTA inhaler. This suggestion is further supported by assessments of the *in vitro* dosing performance of the ELLIPTA inhaler using the patient-specific inhalation profiles generated in the present studies; these data are reported separately (Hamilton *et al.*, submitted in parallel).

Spirometry, whole-body plethysmography, and diffusion capacity results were consistent with expectations for the recruited populations of healthy subjects, asthma patients, and COPD patients. Mean values for plethysmography measures generally increased with increasing severity of COPD, which is likely to indicate the presence of hyperinflation in some patients. Analysis of correlations between spirometry, plethysmography, and diffusion parameters and the inhaler-specific endpoints identified statistically significant strong correlations when all participants were pooled. However, when analyzed separately by disease, statistically significant strong correlations were only identified in the COPD cohort, suggesting that the strong correlation observed for all participants was driven by this cohort.

Although further investigation is required, these preliminary findings suggest that some inhaler-independent inhalation characteristics (i.e., FEV~1~, FVC, PEFR, PIFR, alveolar volume, and DLCO) may provide a useful indication of the inhalation parameters that COPD patients can achieve through a DPI of known resistivity, and therefore whether that DPI may be suitable for individual patients with COPD. In the asthma cohort, correlations were not as strong, but the identification of some statistically significant moderate correlations suggests that this may also be true for asthma patients, although further studies would be required to improve the reliability of any application of these results in asthma patients.

These studies examined the relationship between lung function and inhalation profiles through the moderate resistivity of the ELLIPTA DPI in healthy subjects, asthma patients, and COPD patients. The observations and conclusions may not be equally applicable to all other DPIs, especially those that do not have similar resistivity. However, the mean PIFR values observed in these studies for the ELLIPTA device were comparable to reported values for the DISKUS® DPI,^([@B27])^ which has similar resistance. In the DISKUS study by Broeders *et al.*,^([@B27])^ asthmatic patients and those with mild, moderate, or severe COPD achieved PIFRs of 111.4, 107.8, 91.8, and 95.9 L/min, respectively; all values falling within the 95% CIs of the corresponding patient cohorts using the single-strip ELLIPTA inhaler in the present studies ([Table 2](#T2){ref-type="table"}).

It should be noted that the maximal effort inhalation profiles recorded in the present studies do not correspond to the 'long, steady, and deep' inhalation instruction provided in the patient information leaflet for the ELLIPTA inhaler. The use of a maximal effort inhalation was necessary in this study to maximize the chances of identifying any relevant correlations between the inhaler-specific and inhaler-independent inhalation profiles. The 'long, steady, and deep' inhalation instruction may allow greater scope for interpretation and, consequently, the inhalation effort applied may vary more markedly from patient to patient. It would therefore be valuable to conduct further studies using the 'long, steady, and deep' instruction to determine if this has any effect on patients\' inhalation characteristics and, consequently, drug delivery.

A study that examined the effect of two different instructions ('slow, deep' and 'fast, forceful') on the PIFR achieved through the Handihaler^®^ device found that this resulted in a mean offset of approximately 15 L/min between the two.^([@B28])^ We also acknowledge that there were other limitations of these studies, including a relatively small number of patients, and an imbalance of gender and age. Further studies of this type would be useful to establish the generalizability of these findings. It is recognized that the inhalation profile information is most useful when combined with knowledge of the product performance across the full range of patient relevant flow rates and volumes, which are described elsewhere (Hamilton *et al.*, J Aerosol Med Pulm Drug Deliv, in press).

Conclusions {#s015}
===========

These studies indicate that patients with asthma can achieve similar inhaler-specific inhalation profiles compared with healthy subjects when inhaling with maximal effort through a moderate-resistance DPI, such as the ELLIPTA inhaler. Increasing COPD severity may reduce the patients\' inhalation capability; however, COPD patients were still able to achieve PIFRs ranging from 41.6 to 128.9 L/min. Additionally, inhaler-specific inhalation parameters were found to correlate to some well-established inhaler-independent lung function measurements within the COPD cohort including FEV~1~, FVC, PEFR, and PIFR, suggesting that lung function parameters may be useful indicators of a patient\'s ability to inhale efficiently through a moderate-resistance DPI.
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